Context. Low-and intermediate-mass stars go through a period of intense mass-loss at the end of their lives during the asymptotic giant branch (AGB) phase. While on the AGB a significant part, or even most, of their initial mass is expelled in a stellar wind. This process controls the final stages of the evolution of these stars and contributes to the chemical evolution of galaxies. However, the wind-driving mechanism of AGB stars is not yet well understood, especially so for oxygen-rich sources. Characterizing both the present-day mass-loss rate and wind structure and the evolution of the mass-loss rate of such stars is paramount to advancing our understanding of this processes. Aims. We study the dusty wind of the oxygen-rich AGB star W Hya to understand its composition and structure and shed light on the mass-loss mechanism. Methods. We modelled the dust envelope of W Hya using an advanced radiative transfer code. We analysed our dust model in the light of a previously calculated gas-phase wind model and compared it with measurements available in the literature, such as infrared spectra, infrared images, and optical scattered light fractions. Results. We find that the dust spectrum of W Hya can partly be explained by a gravitationally bound dust shell that probably is responsible for most of the amorphous Al 2 O 3 emission. The composition of the large (∼ 0.3 µm) grains needed to explain the scattered light cannot be constrained, but probably is dominated by silicates. Silicate emission in the thermal infrared was found to originate from beyond 40 AU from the star. In our model, the silicates need to have substantial near-infrared opacities to be visible at such large distances. The increase in near-infrared opacity of the dust at these distances roughly coincides with a sudden increase in expansion velocity as deduced from the gas-phase CO lines. The dust envelope of W Hya probably contains an important amount of calcium but we were not able to obtain a dust model that reproduces the observed emission while respecting the limit set by the gas mass-loss rate. Finally, the recent mass loss of W Hya is confirmed to be highly variable and we identify a strong peak in the mass-loss rate that occurred about 3500 years ago and lasted for a few hundred years.
Introduction
Low-and intermediate-mass stars in the last stages of their lives evolve to the asymptotic giant branch (AGB) and occupy the region of the Hertzsprung-Russell diagram of high luminosities (typically 5000 -50000 L ⊙ ) and low effective temperatures (∼ 3000 K). Dust grains can form in the outer layers of the extended atmospheres of AGB stars where the temperatures are low and the densities are enhanced by stellar pulsations. Radiation pressure acting on the grains causes a slow wind to develop (∼ 10 km/s) through which the star looses mass, a process that controls the subsequent evolution of the star (Habing & Olofsson 2003) . The cumulative mass lost during the AGB phase is important for the chemical evolution of galaxies, as the atmospheric composition of AGB stars is modified by dredge-ups, which bring elements synthesized in the stellar interior to the surface (e.g. Habing 1996) .
Despite a qualitative understanding of the AGB mass-loss process, models are not yet able to predict the mass-loss history of an AGB star from first principles. Both the magnitude of the ⋆ Send offprint requests to T. Khouri e-mail: theokhouri@gmail.com mass loss and its variation in time are still unanswered questions. For instance, model calculations show that the winds of oxygen-rich AGB stars cannot be driven by absorption of photons. The reason is that iron-bearing silicates that have large near-infrared absorption cross-sections to acquire enough momentum also heat up very efficiently and cannot exist in the wind acceleration region (Woitke 2006) . A solution to this problem was proposed by Höfner (2008) , who suggested that refractory species with small near-infrared absorption cross-sections -that can exist close to the star -can still transfer momentum to the wind by means of scattering, if the grains can grow to a few tenths of a micron in diameter. Indeed, in a more comprehensive study of the possible wind-drivers in oxygen-rich AGB stars, Bladh et al. (2013) found that the dust species expected to form in an oxygen-rich environment are not able to drive the wind via the absorption of photons. The nature of the grains responsible for driving the wind and the particulars of the wind-driving mechanism are still widely discussed (e.g. Norris et al. 2012; Bladh & Höfner 2012; Bladh et al. 2013; Gail et al. 2013; Karovicova et al. 2013) . From wind-driving calculations, the preferred wind-driving candidates are silicate grains (Höfner 2008; Bladh & Höfner 2012 ). However, amorphous aluminum oxide is also found to be an important com-ponent in general oxygen-rich AGB stars with low mass-loss rates (e.g. Lorenz-Martins & Pompeia 2000; Speck et al. 2000; Heras & Hony 2005; Karovicova et al. 2013) . The latter might act as a seed for further grain growth and be crucial for starting the wind, despite their low abundance. Aluminum oxide has been suggested to form in the extended atmospheres of oxygenrich late-type stars both on the basis of grain condensation calculations (e.g. Woitke 2006) and observations (e.g. Verhoelst et al. 2006; Zhao-Geisler et al. 2011) . MIDI visibilities of RT Vir, for instance, point to the presence of amorphous Al 2 O 3 close to the star (at ∼ 1.5 R ⋆ ; Sacuto et al. 2013 ). However, dust excess spectral fits often require a too large amount of this grain species to match the observed infrared emission; so large that it often implies a super-solar aluminum abundance in the outflow (e.g. Karovicova et al. 2013) .
We model the dust envelope of W Hya, a close-by oxygenrich AGB star with a fairly low mass-loss rate (Khouri et al. 2014a , henceforth Paper I) for which a wealth of observational data is available. These data probe the wind structure of W Hya on spatial scales ranging from tens of mas to minutes of arc and reveal grains with radii of about 0.3 µm at 40 mas (or 2 R ⋆ ) seen in scattered light (Norris et al. 2012) ; an inner radius for the amorphous silicate emission of 500 mas (or 25 R ⋆ ; Zhao-Geisler et al. 2011) , and a mass loss that is variable on dynamical timescales of thousands of years (Hawkins 1990; Cox et al. 2012 ) that resembles the formation of detached-shells (exclusively) seen around carbon-rich AGB stars (e.g. Olofsson et al. 1990 Olofsson et al. , 1996 . Although W Hya has previously been studied extensively, the models obtained for the dust excess only focused on the emission from the inner wind (e.g. Heras & Hony 2005; Justtanont et al. 2004; Khouri et al. 2014a) . None have accounted for the scattered light fractions seen by Norris et al. or the inner emission radius of the amorphous silicates reported by Zhao-Geisler et al., however. Furthermore, all dust emission models obtained so far require super-solar aluminum abundances in the dust when compared to the gas-phase mass-loss rate.
Based on the strong evidence for amorphous Al 2 O 3 emission coming from very close to the star and the super-solar abundances in the wind that are supposedly needed to account for the amorphous Al 2 O 3 emission, we consider in our model a gravitationally bound shell of amorphous Al 2 O 3 grains to be the main contributor to the emission at wavelengths around 12 µm. We combine this gravitationally bound shell with an outflow to obtain a dust model that fits the wealth of information on the dusty wind of W Hya. The properties and spatial distribution of the dust in this model are discussed in the context of wind driving, as well as the time variability of the mass-loss on timescales of millennia.
In Sect. 2 we detail our modelling strategy and the observations of the dust envelope of W Hya. The modelling procedure and fits are described in Sect. 3. We discuss our results in Sect. 4 and provide a summary in Sect. 5.
Observations of the dust envelope of W Hya
In the following subsections, we present the dataset used in our study to constrain the present-day mass-loss rate. The observations used to model the recent dust mass-loss history are presented in Sect. 3.7.
Observed infrared spectra
W Hya was observed by the short-wavelength spectrometer (SWS, de Graauw et al. 1996) and the long-wavelength spectrometer (LWS, Clegg et al. 1996 ) onboard the infrared space observatory (ISO, Kessler et al. 1996) and by the photodetector array camera and spectrometer (PACS, Poglitsch et al. 2010) and the spectral and photometric imaging receiver (SPIRE, Griffin et al. 2010) onboard Herschel Space Observatory (Pilbratt et al. 2010) . A spectrum covering the full range of the instruments was obtained with both PACS and SPIRE. The PACS observations were carried out in different epochs for the blue and red band. The full spectral range of SPIRE was covered in one observation run (see also Table 1 ). Two spectra were measured with SWS and three with LWS. The two SWS spectra were taken almost one pulsation period apart (Table 1) . We obtained the reduced 1997 spectrum from Justtanont et al. (2004) and the 1996 spectrum from the Sloan et al. (2003) database. Two LWS observations were also taken roughly one period apart, with a third taken near maximum visual light. We obtained the highly processed data products of the three spectra from the ISO archive, in which the problem of near-infrared leakage is corrected. The spectrum obtained in February 1997 has an unreliable baseline, especially at long wavelengths, and was not included in our analysis. The other two LWS spectra show very similar flux levels (displaying differences of about 10%) and shapes. We have averaged these two spectra before fitting our models. All the observed spectra are shown in Fig. 1 ; the two SWS spectra differ slightly in flux level, revealing differences of up to 20%, but are very similar in shape. The PACS and SPIRE flux levels agree well with those of LWS when the different fields of view and the PACS far-infrared maps are taken into account (see Sect. 3).
The dust components seen in the ISO spectrum of W Hya are better visualized if we subtract the expected stellar continuum from the observed spectrum. We used the stellar parameters and distance from Paper I, T eff = 2500 K, L=5400 L ⊙ and 78 pc, to estimate the stellar continuum. In Fig. 2 , we compare the opacity curves of the dust species considered by Cami (2002) and Heras & Hony (2005) and that of Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 to the two stellar-continuum-subtracted SWS spectra. A combination of amorphous silicates, amorphous Al 2 O 3 , and Mg 0.1 Fe 0.9 O can qualitatively account for the emission seen between 9 µm and 25 µm. From ∼ 27 µm to ∼ 32 µm, however, a feature is observed that cannot be reproduced by these dust species. We refer to this feature as the broad 30 µm feature. Fabian et al. (2001) identified a narrow feature at 32 µm that they assigned to spinel, but this is different from the broad 30 µm feature we refer to here.
Interferometric observations
The envelope of W Hya was studied with the Masked AperturePlane Interference Telescope (MAPPIT) at the 3.9 m AngloAustralian Telescope over the wavelength range 0.65 -1.0 µm by Ireland et al. (2004) . The authors found an increase in measured angular size from ∼ 20 mas at 1 µm to ∼ 35 mas at shorter wavelengths, which they proposed to be due the scattering of light by dust grains. Later observations of W Hya by Norris et al. (2012) using aperture-masked polarimetric interferometry with the NACO instrument on the VLT confirmed the existence of a shell of scattering dust particles around the star with a radius of about 37.5 mas, or ∼ 2 R ⋆ . The authors considered a population of large grains with uniform radii in their model, as their technique does not allow them to constrain the presence of small Fig. 1 . Compilation of all thermal emission observations of the dust in W Hya. The red and blue solid lines are the ISO SWS spectra from 1996 and 1997, respectively, the green solid line is the averaged ISO LWS spectrum, the purple and light blue solid lines are the PACS and SPIRE spectra, and the black squares and black circles depict the PACS and SCUBA photometric measurements. A black-body spectrum of 2500 K and 5400 L ⊙ is overplotted to guide the eye (black dashed line).
grains, and found the scattering particles to be 0.316 ± 0.004 µm.
Although the composition of the dust could not be determined, the authors suggested that they may be composed of iron-free silicates such as forsterite (Mg 2 SiO 4 ) or enstatite (MgSiO 3 ), while corundum (Al 2 O 3 ) is a possible candidate as well. Zhao-Geisler et al. (2011) monitored W Hya using MIDI at the VLT. The authors found that the silicate emission seen at 10 µm in the ISO spectrum must come from a region with an inner radius larger than 500 mas, corresponding to 25 times the stellar radius or 12 times the scattering shell radius as estimated by Norris et al. (2012) . This does not exclude the possibility that silicates condense close to the star, as the iron-free silicates proposed by Norris et al. (2012) to be the scattering agent are transparent in the near infrared and can remain cold (∼ 700 K) and invisible even at two stellar radii. Such grains would not necessarily produce a signature in the thermal infrared (see Sect. 3.4) . and Ca 2 Al 2 SiO 7 are shown by the yellow, light brown, light blue, purple, and blue dashed lines, respectively. The opacity curves are scaled to compared them with the stellar-continuumsubtracted spectrum.
Gas-phase wind model
In Paper I, the present-day gas mass-loss rate of W Hya was determined to be (1.3±0.6)×10 −7 M ⊙ year −1 by fitting the strengths and shapes of the CO ground-vibrational state, pure-rotational transitions observed by Herschel. This mass-loss rate places constraints on the amount of dust that can form in the wind assuming a solar composition. More stringent limits on the amount of silicates that may form around W Hya were set by Khouri et al. (2014b) , who modelled the SiO gas-phase emission lines observed by Herschel using the wind model obtained in Paper I. The authors found that about 60% of the silicon in the outflow of W Hya remains in the gas phase.
Towards a comprehensive present-day mass-loss model
Our modelling strategy consists of dealing with the different spatial and compositional components of the wind in an inde-pendent way first. This approach can be followed as the wind of W Hya is optically thin at the wavelengths where dust emission is important. We start by modelling the innermost observed dust component, namely the scattered light fractions and the amorphous Al 2 O 3 emission. Then, we model the silicate emission envelope, whose inner radius is at ten times the distance from where the scattered light is seen (Zhao-Geisler et al. 2011) . Finally, we compare our best inner wind model with the PACS 70 µm image, which provides constraints on both the dust distribution close to the star and at scales up to a few arcminutes (Cox et al. 2012) . In our modelling efforts we aim to reproduce the following observations:
-The scattered light fractions as measured by Norris et al. (2012) . -The ISO dust spectrum.
-The lower limit of 500 mas on the inner radius of the silicate emission shell set by Zhao-Geisler et al. (2011) . -The limits set by the gas-phase model of Paper I and Khouri et al. (2014b) on the amount of elements available for dust formation in the wind. -The broadness of the 70 µm radial brightness distribution seen by PACS (Cox et al. 2012 ).
MCMax and model assumptions
To solve the continuum radiative transfer in the wind of W Hya, we used the code MCMax (Min et al. 2009 ). The code calculates the dust spectrum, images of the envelope at different wavelengths, and the fraction of light scattered by the dust particles, all of which are used to constrain our model. The dust envelope was assumed to be spherically symmetric. To derive dust opacities from optical constants, we applied a distribution of hollow spheres (DHS, Min et al. 2003) approximation to represent the particles shapes. We used the direction-dependent scattering phase-function in our calculations, since particles with radii in the range considered scatter light non-isotropically. This was done by considering the full angle-dependent Mueller matrix for each scattering event. The temperature of the dust grains was set by assuming radiative equilibrium. For multiple dust species it may be computed assuming the different types of grains to be either in isolation or in thermal contact. In the case of thermal contact, the absorbed energy is distributed over the constituents of the grain and a single grain temperature is computed such that the emitted energy matches the absorbed energy. We specify throughout the text whenever thermal contact is considered. To model the amorphous Al 2 O 3 emission, we used three sets of optical constants, those for porous and compact particles given by Begemann et al. (1997) and those of aerosil particles measured by Koike et al. (1995) . The latter measurements were carried out for wavelengths between 0.5 and 500 µm. The optical constants obtained by Begemann et al. (1997) were measured between 7.7 and 500 µm and lack data at near-infrared and optical wavelengths. As these short wavelength data are important for determining the temperature of the grains, we used the optical constants given by Koike et al. (1995) at λ < 7.7 µm. To model the silicate emission, we retrieved data for silicate dust species from the JENA database of optical constants from the works of Jäger et al. (1994); ; Mutschke et al. (1998), and Jäger et al. (2003) . The dust species that are considered are given in We considered W Hya to be at 78 parsecs, to have a luminosity of 5400 L ⊙ and the stellar spectrum to be that of a black-body with 2500 K, following our assumptions in Paper I.
Previous dust model
The model obtained in Paper I for the wind of W Hya (shown in Fig. 10 ) adopted the dust components identified by Justtanont et al. (2004) . In Paper I, the region of the ISO spectrum between 8 and 30 µm of the ISO spectrum was fitted, but no attempt was made to fit the 13 µm feature as its carrier is still uncertain (see Posch et al. 1999; Zeidler et al. 2013 , and references therein). A total dust mass-loss rate of 2.8 × 10 −10 M ⊙ year −1 was obtained. The dust composition by mass is 58 % astronomical silicates (Justtanont & Tielens 1992) , 34 % amorphous aluminum oxide (Al 2 O 3 ), and 8 % magnesium-iron oxide (MgFeO). Optical constants for the latter species were retrieved from the database of the University of Jena from the work of Henning et al. (1995) . For amorphous aluminum oxide, the authors have used data for porous particles from Begemann et al. (1997) .
Amorphous Al 2 O 3 emission
As pointed out in the introduction, the amorphous Al 2 O 3 mass fraction of the total dust needed to explain the midinfrared excess of low mass-loss rate AGB stars is often very high (e.g. Lorenz-Martins & Pompeia 2000; Speck et al. 2000; Heras & Hony 2005; Karovicova et al. 2013) . The maximum amount of a given dust species that can exist in the stellar wind is determined by the availability of its least abundant element. In the case of amorphous Al 2 O 3 this limit is set by aluminum, whose mass abundance relative to hydrogen is 7.6 × 10 −5 for a solar composition (Asplund et al. 2009 ). If all aluminum atoms in the wind of W Hya were used to form amorphous Al 2 O 3 grains, the mass-loss rate of this dust species alone would bė M Al 2 O 3 = 1.3 × 10 −7 × 7.6 × 10 −5 /0.53 = 1.9 × 10 −11 M ⊙ year −1 , where 0.53 is the fraction of the mass of amorphous Al 2 O 3 in aluminum atoms and 1.3 × 10 −7 M ⊙ year −1 the gas mass-loss rate. Assuming the specific weight of amorphous Al 2 O 3 to be 4.0 g cm −3 , we computed models with this amorphous Al 2 O 3 mass loss, condensing at two stellar radii. At 12 µm, the excess emission produced by these models is only 5 % of what is seen in the ISO spectrum (see Fig. 3 ). These calculations depend on the adopted grain model, the optical constants used, and the assumed location of the onset of the wind. We investigated these parameters using the wind model derived in Paper I by modifying the opacities for amorphous Al 2 O 3 at short wavelengths and varying the inner radius of the dust envelope accordingly. We find that even an increase in the near-IR opacity of amorphous Al 2 O 3 by a factor of 10 increases the emission at 12 µm by only about a factor of four. Increasing the near-IR opacity also leads to an important contribution of amorphous Al 2 O 3 emission at wavelengths shorter than 10 µm. We conclude that the emission attributed to amorphous Al 2 O 3 in W Hya cannot be accounted for by such grains in the present-day wind alone.
Gravitationally bound dust shell
We calculated models for a gravitationally bound dust shell (GBDS) located at about 2.0 R ⋆ to account for the amorphous Al 2 O 3 emission and the scattered light fractions. The GBDS is composed of grains located in the region between the radius of onset of condensation of amorphous Al 2 O 3 and that at which the radiation pressure on the dust grains overcomes the pull of gravity. Since we do not calculate the dust condensation nor the transfer of momentum to the dust grains, the inner and outer radii of this region are free parameters in our models. In the GBDS the grains must reach the optimal size for scattering, at which radiation forces can accelerate them. We therefore expect to find a distribution of sizes ranging from small grains, with radii of the order of 0.01 µm to larger grains with radii of about 0.3 µm. As an instructive exercise, we can approximate the size distribution by a mix of two particle sizes, small and large grains. These can be studied somewhat independently based on the observations available: large grains dominate the scattering of radiation, and small grains do not contribute to the scattered light and probably dominate the infrared emission. We have considered small grains of 0.03 µm and large grains of 0.3 µm.
We considered the grains in the GBDS to be composed of either amorphous Al 2 O 3 or Mg 2 SiO 4 . The amorphous Al 2 O 3 emission can be fitted equally well with large and small grains of this dust species. Silicate emission from close to the star is not detected (Zhao-Geisler et al. 2011 ) but this does not necessarily mean that silicates are absent. Iron-free silicates (such as Mg 2 SiO 4 ) can exist at close distances from the surface because they are translucent in the optical and near-infrared and therefore remain relatively cold. This does imply that we will not be able to constrain the mass in small Mg 2 SiO 4 grains with our models. A fit to the observed scattered light fractions requires large grains and in principle can be obtained with either type of grain. Such a fit sets an upper limit on the amount of large grains of the given species.
We considered the amorphous Al 2 O 3 emission to originate from a stationary shell extending from 1.7 to 2.0 R ⋆ . The inner radius was set at that at which the small amorphous Al 2 O 3 grains reach temperatures of 1400 K. The outer radius was assumed to be that found by Norris et al. (2012) for the origin of the scattered light. In principle the grains in this region may be created and destroyed as material rises and falls as a consequence of stellar pulsations, but that does not affect our results. Our modelling shows that the amount of emission is only mildly sensitive to the exact value of the boundaries or to a radial density gradient within the shell, but mostly to the total mass of emitting amorphous Al 2 O 3 . The scattered light fractions were fitted considering a shell with an inner radius of 2.0 R ⋆ (Norris et al. 2012) and thickness of 0.1 R ⋆ , that is, enclosing the shell from where amorphous Al 2 O 3 originates. In the context of our model, this shell of large grains may be understood as being the interface between the GBDS and the outflow.
A population of only small amorphous Al 2 O 3 grains reaches temperatures of 1250 K at 2.0 R ⋆ , while large amorphous Al 2 O 3 grains reach 1500 K at the same distance. The higher temperature of large amorphous Al 2 O 3 grains has two causes. First, the mass-absorption coefficient between 0.2 and 2 µm is higher for the large grains than for small grains. Consequently, large grains absorb more radiation by mass than their smaller counterparts and reach higher temperatures. Second, the scattering of photons by large grains contributes to the diffuse radiation field and the density of short-wavelengths photons (λ 2 µm) significantly increases. The stronger radiation field at shorter wavelengths leads to more energy absorbed per time per grain and to a higher dust temperature. This second effect also causes small amorphous Al 2 O 3 particles to have higher temperatures when placed in a region with 0.3 µm grains. Assuming solar composition and full aluminum condensation, a shell of small amorphous Al 2 O 3 grains between 1.7 and 2.0 R ⋆ requires a gas mass of ∼ 1.4 × 10 −5 M ⊙ to reproduce the amorphous Al 2 O 3 emission seen in the ISO spectrum. Such a shell produces an infrared spectrum indistinguishable from the amorphous Al 2 O 3 models shown in Fig. 5 for a population with a range in grain radii.
The mass in large grains needed to reproduce the scattering is 4.9 × 10 −10 M ⊙ for amorphous Al 2 O 3 and 3.6 × 10 −10 M ⊙ for Mg 2 SiO 4 grains, assuming specific weights of 4 g cm −3 and 3.2 g cm −3 , respectively. By assuming a solar composition, full aluminum condensation, and 35% of silicon condensation (as to be consistent with the available silicon for dust condensation derived from the gas-phase analysis; Khouri et al. 2014b) , we obtain gas masses of 3.5 × 10 −6 M ⊙ and 2.3 × 10 −7 M ⊙ for large grains of amorphous Al 2 O 3 and Mg 2 SiO 4 , respectively.
If the fit to both the ISO infrared excess and the scattered light fractions are combined, the amorphous Al 2 O 3 emission and the scattered light fractions can be explained by a single population of amorphous Al 2 O 3 grains located in a shell with inner and outer radii of 1.7 and 2.1 R ⋆ , respectively, and with a grain size distribution of the type, n(a) ∝ a −3.5 , where a is the grain radius. This expression corresponds to the standard distribution for grain sizes found in the interstellar medium by Mathis et al. (1977, MRN distribution) . The lower limit of the distribution was assumed to be 0.01 µm and the maximum grain radius to be that derived by Norris et al., i.e. 0.316 µm. By assuming solar composition and full aluminum condensation, the total gas mass required for this population of amorphous Al 2 O 3 is ∼ 1.2 × 10 −5 M ⊙ . The differences in the amorphous Al 2 O 3 mass needed to reproduce the observed emission only considering small grains or a grain size distribution is due to the different grain temperatures obtained. The fit to the scattered light fractions using an MRN size distribution is very similar to the one obtained with the large-grains-only model, shown in Fig. 4 , and is not given. Gradients in the grain size throughout the GBDS may be present and would allow similar quality fits as adopting a size distribution. Infrared spectra for an MRN distribution of particles adopting different optical constants for amorphous Al 2 O 3 are shown in Fig. 5 . The similar amorphous Al 2 O 3 emission obtained shows that the applied optical constants do not impact our findings significantly either. If the scattering is due to large Mg 2 SiO 4 grains, a population of small amorphous Al 2 O 3 grains is still required to account for the infrared excess emission. When a population of large silicate grains is placed in the shell together with small amorphous Al 2 O 3 particles, the temperatures are about 700 K and 1400 K, respectively. When these two species are placed in thermal contact, the resulting temperature will depend on the mass fraction of each species in a given grain. Assuming full aluminum and 35% silicon condensation implies that 8% of the mass is in amorphous Al 2 O 3 and 92% in Mg 2 SiO 4 . In this case, the equilibrium temperature is about 800 K and the silicate features would remain undetected, in agreement with the limit set for the inner radius of amorphous silicate emission of ∼ 40 AU. Therefore, a scenario in which small amorphous Al 2 O 3 grains are formed close to the star and in which rapid condensation of Mg 2 SiO 4 onto the amorphous Al 2 O 3 seeds occurs as well would be consistent with all observations. In this scenario, the condensation of Mg 2 SiO 4 could be halted by the onset of the wind. (Sloan et al. 2003) . We considered an MRN grain radii distribution for all models shown here. The different lines are for grains consisting of aerosil Al 2 O 3 particles (green dashed), Al 2 O 3 porous particles (light blue long dashed-dotted), Al 2 O 3 compact particles (brown short dashed-dotted), MgSiO 3 (purple dotted) and Mg 2 SiO 4 (short dashed blue).
Dust properties in the outflow
The contribution of amorphous Al 2 O 3 grains in a GBDS to the infrared spectrum is somewhat independent of the size distribution and the exact location of the shell as the grains would be sufficiently warm for the shape of their emission feature to be independent of temperature for the optical constant adopted by us. Although the opacities of crystalline Al 2 O 3 show significant variations with temperature (Zeidler et al. 2013) , to our knowledge, no studies have been performed that probe the effect of temperature variations on the amorphous Al 2 O 3 features. In the context of our model, only the strength of the emission is sensitive to temperature, and therefore the total grain mass needed to reproduce the infrared excess is a function of grain temperature. If we assume that the dust shell is optically thin, we may subtract the amorphous Al 2 O 3 contribution from the ISO spectrum and study the residual spectrum (see Fig. 6 ). The assumed size distribution of amorphous Al 2 O 3 grains does not affect the overall shape of the residual spectrum. Uncertainties in the residual spectrum arise from the choice of optical constants for amorphous Al 2 O 3 , the adopted grain model, and variability of the star, but these probably have a modest effect.
The residual spectrum clearly shows the silicate peak at 9.7 µm, the unidentified 13 µm feature, a peak at about 20 µm that is probably due to 18 µm silicate and/or magnesium-iron oxide emission, and a broad feature around 30 µm. For simplicity and because of the similarity in the different Al 2 O 3 -subtracted residual spectra, we only used the ISO spectrum retrieved from the Sloan et al. (2003) database subtracted by the spectrum of aerosil amorphous Al 2 O 3 grains ( Fig. 6 ; red solid line).
Fit to the residual spectrum
The dust species considered in fitting the silicate emission are given in Table A.1. All the species listed have somewhat similar opacity profiles that are characteristic of silicate glasses. Diagnostic parameters such as the peak strength ratio, the central wavelength, and the full-width at half maximum (FWHM) of the peaks can help constrain the composition Mutschke et al. 1998) and are listed for DHS particles with 0.3 µm radius. The position of the two silicate peaks measured from the Al 2 O 3 -subtracted residual spectra are 9.94±0.5 µm and 19.7 ± 0.5 µm. It is important to note that the peak at 19.7 µm might be produced by a combination of silicate and Mg x Fe 1−x O emission, so the measured position should be considered with care.
We recall that the VLT 10 µm observations provide a lower limit to the radial distance of the silicate-emitting shell of about 40 AU. Most of the dust species listed in Table A .1 have a low iron content and consequently a low near-infrared opacity. These species would have too low temperatures at such large distances and would not produce detectable infrared flux relative to the bright stellar continuum and emission from the other dust species. As the ratio between the two silicate emission peaks indicates that the grains must be warm (∼ 500 K), the silicates with low near-infrared opacities, that is, with low iron content, were placed in thermal contact with metallic iron to increase their temperatures. Such metallic iron inclusions are indeed expected to form in circumstellar silicates grains (Gail & Sedlmayr 1999) . We considered models with an iron content per unit mass ranging from 0 to 80%. Accounting for even higher amounts of metallic iron causes the silicate features to become too weak with respect to the continuum emission that the metallic iron produces. Silicate species with significant iron content, such as MgFeSiO 4 , have high enough temperatures even when placed at 40 AU and require modest or no thermal contact with metallic iron at all. Models were calculated for silicate envelopes ranging from 40 AU to 1800 AU (i.e. the outer limit given by the field of view of ISO SWS) for all species listed in Table A .1 separately. When in thermal contact with substantial amounts of metallic iron, the silicate grains can be heated up to 400 -450 K at 40 AU and some of the species considered produce peak ratios that reflect the observed ratio. As the temperatures that are reached are still fairly low, species that have relatively high values for the κ max 18 µm /κ max 9.7 µm are preferred. Furthermore, metallic iron produces emission that fills the trough between the silicate peaks and matches the observed Al 2 O 3 -subtracted residual spectrum. Figure 7 shows the effect of varying the amount of iron in thermal contact with the silicate grains. A higher iron content implies more emission in the silicate trough and blue-wards of the 9.7 µm peak. For a given silicate species, the ratio between the red and the blue silicate peaks decreases with an increasing amount of metallic iron inclusions. The dependence is stronger for smaller amounts of iron, between 0 and 50% per mass.
When using a continuous distribution of ellipsoids (CDE, Bohren & Huffman 1998; Min et al. 2003 ) as the grain model for the metallic iron particles, the amount of this species needed to heat the silicates to a given temperature is greatly reduced if compared to models with DHS metallic iron particles. Kemper et al. (2002) also found a large difference between the opacity of CDE metallic iron grains and that obtained using Mie theory. We find the DHS metallic iron model to have an intermediate opacity between these two extremes and discuss the effects of using CDE metallic iron grains in Sect. 4.3.1. Another feature in the Al 2 O 3 -subtracted residual spectrum worth noting is the broad component at 30 µm. The mass-loss rate of W Hya varies on larger scales, therefore this emission bump might be thought to be a signature of an abrupt change in mass-loss rate. However, the bump seems too sharp to be produced in such a way. Moreover, this feature is seen in many other ISO spectra of oxygen-rich AGB stars with low massloss rate, suggesting a more fundamental cause. Gervais et al. (1987) studied the infrared properties of silicate glasses and concluded that calcium-bearing silicates have a characteristic band around 30 µm. From the work of Mutschke et al. (1998) , we retrieved the optical data for two Ca-silicates, which do indeed show a feature at 30 µm. Ca-bearing silicates are expected to form from gas-solid chemical reactions between Al 2 O 3 grains and calcium and silicon in the gas (Grossman & Larimer 1974) . Another candidate for explaining the feature is pure calciumoxide grains. However, this species produces a rather localized peak, whereas calcium-bearing silicates also provide continuum opacity beyond 30 µm, which better matches what is seen in the spectrum of W Hya.
As shown in Fig. 8 , the calcium-aluminum silicate fits the Al 2 O 3 -subtracted residual spectral shape nicely when in thermal contact with metallic iron. Unfortunately, we were unable to find other optical constants of calcium-bearing silicates in the literature, which potentially could provide a better fit to the 9.7 µm silicate peak. As calcium is indeed expected to condense just after Al 2 O 3 , the existence of this dust species in the wind of W Hya can be expected. The model shown in Fig. 8 has a dust mass-loss rate of 3 × 10 −10 M ⊙ year −1 , consisting of 60% Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 and 40% metallic iron, per mass. Further constraints on these quantities are obtained in Sect. 3.6 by fitting the broadness of the PACS 70 µm brightness profile.
Even though the fit using Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 is offset in the 9.7 µm region, this single dust species is able to qualitatively reproduce the Al 2 O 3 -subtracted residual spectrum very well. Therefore we conclude that Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 is the silicate from our set of optical constants that best represents the composition of the silicate dust in the envelope of W Hya. A better fit to the individual features might require a more complex dust envelope structure, which could be linked to the condensation of different elements at different distances from the star, but such a more complex dust model is beyond the scope of this paper. Having this amount of Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 condense from the outflowing material, however, requires a super-solar abundance of calcium and aluminum. We discuss this in Sect. 4.3.2.
Fitting the peak value and broadness of the PACS 70 µm image
When the model consisting of an amorphous Al 2 O 3 GBDS and Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 grains in the wind that are in thermal contact with metallic iron (see Fig. 9 ) is compared to the PACS 70 µm radial brightness profile (Cox et al. 2012) , the peak value of this profile is not reproduced. The model peak flux is 30% lower than the observed value and essentially constrains the present-day dust mass-loss. The broadness of the intensity profile in the first few arcseconds constrains the distribution of the bulk of the 70 µm emission. When matching the present-day dust mass loss to the peak strength, the fit to the ISO spectrum becomes poorer. To recover the fit, we shifted the inner radius of the silicate shell from 40 AU to 50 AU and increased the iron content from 40% to 50% of the dust mass. The width of the PACS intensity profiles is matched if we decrease the dust mass-loss rate beyond 500 AU by a factor of two, to 2 × 10 −10 M ⊙ year −1 , preserving the dust composition from the inner part. The best model thus consists of a wind composed of 50% Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 and 50% metallic iron in thermal contact and mass-loss rates of 4×10
between 50 AU and 500 AU and of 2×10 −10 M ⊙ year −1 from 500 AU to 1800 AU. The fit to the ISO SWS spectrum of this best model for the outflow combined with the GBDS of amorphous Al 2 O 3 is shown in Fig. 10 . Comparing our dust model and the CO model (Paper I) yields a gas-to-dust ratio in the inner wind of W Hya of 325.
CO envelope
The mass-loss rate discontinuity at 500 AU is close enough to the star that it might affect the CO envelope. The model for the CO rotational emission presented in Paper I does not take this variable mass loss into account and therefore has to be revised. In the CO study a fit to both the high-and low-excitation rotational lines was achieved by decreasing the photodissociation radius of CO by a factor of 2.5, placing it at about 500 AU from W Hya.
In Fig. 11 we compare the new model for the CO emission that adopts the new dust model and the jump in the gas-massloss rate from 1.3 × 10 −7 to 7 × 10 −8 M ⊙ year −1 at 500 AU. The new CO model reproduces the CO rotational lines as well as a model with CO dissociation occurring at 500 AU and thus is in concordance with such aṀ discontinuity at this distance.
Recent (dust) mass-loss history of W Hya
The mass-loss history over the past 10 4 -10 5 years is unveiled by the infrared images obtained with PACS and SPIRE and the infrared astronomical satellite (IRAS, Neugebauer et al. 1984) . The image taken by PACS at 70 µm has the best spatial resolution and, therefore, provides the best constraints. Emission from the extended dust envelope that seems to be produced by a higher mass-loss rate phase is also seen in the infrared ISO spectra (Hawkins 1990 ). This emission is only produced by cold (T < 70 K) dust and affects the flux measured at the relatively long wavelengths (λ > 45 µm) of the LWS spectral range; it has no impact on the dust emission in the inner wind.
Infrared images
The 70 µm PACS brightness distribution is rather unusual for an oxygen-rich AGB star (Cox et al. 2012) . These images show excess dust emission produced between 30 ′′ and 100 ′′ that cannot be understood in terms of a constant mass-loss wind. In Fig. 9 we show the angle-averaged radial profile of the observed flux density at 70 µm. The PACS image shows the envelope to have an ellipsoidal shape when projected on the sky. This causes the radial profile averaged over all directions to have a shallower slope from around 75 ′′ on than radial profiles computed for a narrow range of directions. The difference in continuum level of about 20% between PACS and ISO at 70 µm is an effect of the significantly smaller field of view of the PACS spectrometer compared to that of ISO LWS.
On a larger scale, 100 µm maps obtained with IRAS show a very extended dust shell, ≈ 30 ′ in diameter, which requires a high mass-loss rate to explain it (Hawkins 1990) . Together, the PACS and IRAS infrared maps show that the dust mass-loss rate of W Hya has not been constant in the past 10 4 to 10 5 years.
Model for the recent mass-loss history
To model this extended emission, we used the inner wind dust composition and applied variations in the dust mass-loss rate. Since the PACS image shows an elliptical dust envelope and our model assumes a spherically symmetric wind, we have measured the radial brightness profile in a narrow range of directions (from 130
• to 170
• measured from north to east) and used that to constrain our model. Measuring the radial profile in a different direction produces a similar curve with the peak seen at 75 ′′ in Fig.  9 shifted to larger distances from the star. The chosen direction corresponds to the direction in which the radius of the observed circumstellar shell is the smallest. The asymmetry seen in the PACS image could, in principle, be due to a direction dependent expansion velocity, but that is not considered in our modelling. The largest radius measured is larger by about 25% than the one modelled by us. A difference of 25% in radius translates into a difference in expansion velocity of also 25%.
The dotted purple line in Fig. 9 shows the fit to the profile composed of a combination of the constant mass-loss rate epochs shown in Fig. 12 . The mass-loss history and the constraints motivating this model are given in Table 2 . The values given assume the present-day expansion velocity of 7.5 km s −1 , measured from the gas lines. If the gas-to-dust ratio remained constant (at 325), the dust mass-loss rates of phases II, III, and IV would correspond to 6.5 × 10 −8 , 3.9 × 10 −7 , and 2.0 × 10
M ⊙ year −1 of gas. The exact value of the derived dust mass-loss rates depend on the model for the present-day dust mass-loss. If the composition of the dust producing emission at ≈ 5000 AU is not significantly different from that of the inner silicate envelope (r 50 AU), the derived ratio between the high and low mass-loss rate phases should be accurate even if our innerwind model were not. If the dust composition and/or expansion velocity changes significantly between these two components, our results probably underestimate the mass-loss rate for the phase of stronger mass loss. That is because, first, the opacity of Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 at 70 µm is higher than that of other silicates, so more mass of other silicate species at the same temperature would be required to produce the same emission at these wavelengths. And, second, the expansion velocity tends to increase with increasing mass-loss rate (see, e.g., Olofsson et al. 5900 70 µm profile beyond 60 ′′ 2002), which means that the present value of 7.5 km s −1 would probably be lower than the expansion velocity during a phase with higher mass-loss rate.
Discussion
We have modelled the dust envelope of W Hya using two components: a GBDS from which the Al 2 O 3 emission originates and an outflow that contains silicates that are in thermal contact with metallic iron. Overall, the best-fit model (see Fig. 10 ) provides a good fit to the infrared emission, although the position of the silicate peak at 9.7 µm is not well reproduced. Our model does not require a super-solar aluminum abundance that is required if the Al 2 O 3 grains that cause the emission at 12 µm are part of the outflow. The silicate emission originates from beyond 50 AU and best fits the spectrum if silicate grains that contain Al and Ca are used. This again introduces a super-solar abundance problem but we argue that this may be a spurious problem. We now discuss the empirically derived envelope structure in the context of wind dynamics, the gas-and solid-phase silicon budget and the elemental abundances of Al and Ca, and the expected crystallinity of the dust grains.
4.1. Scattering agents and wind driving in oxygen-rich AGB stars with a low mass-loss rate
The spectrum of W Hya is well-explained by a GBDS of amorphous Al 2 O 3 that produces most of the thermal emission seen at 12 µm. For the fit to the scattered light fractions our models can not distinguish between the two species that have been suggested, namely silicates or Al 2 O 3 . Although Al 2 O 3 is able to explain the scattered light and thermal emission simultaneously, wind-driving models suggest that a population of pure amorphous Al 2 O 3 grains provides insufficient opacity to initiate a wind. Silicates, however, are much more effective in initiating the outflow because of the higher abundance of silicon (Bladh & Höfner 2012) . To illustrate this: condensation of 35% of the available silicon in a solar composition gas into large grains of a typical silicate glass increases the scattering opacity by an order of magnitude relative to dust that is composed of fully condensed large amorphous Al 2 O 3 grains alone. If large amorphous Al 2 O 3 grains are lacking in the GBDS the 12 µm emission is produced mainly or exclusively by small amorphous Al 2 O 3 grains. The gas mass that should be present in the GBDS to account for the amorphous Al 2 O 3 emission is ∼ 10 −5 M ⊙ . Given the mass-loss rate of W Hya of 1.3 × 10 −7 M ⊙ year −1 , this implies that only a small fraction (a few percent) of the GBDS is expelled per pulsation cycle of about a year. The gas mass in the GBDS that is required to produce the scattered light -assuming it is due to 35% silicon condensing in large Mg 2 SiO 4 grains -is ∼ 2.3 × 10 −7 M ⊙ . This mass is more than an order of magnitude lower than the corresponding mass for amorphous Al 2 O 3 , and is of about the same magnitude as the total mass that is lost per year. If the silicates are responsible for the scattering and condense on the amorphous Al 2 O 3 seeds, condensation of this material should occur over a small radial interval of the GBDS. This is because the composite grains must be cold not to produce silicate emission and, therefore, would also not produce any amorphous Al 2 O 3 emission. Because of this and as a result of the low abundance of aluminum, a relatively larger fraction of the GBDS volume in which warm amorphous Al 2 O 3 grains exist is needed to reproduce the observed emission. Models of outflows driven by large Mg 2 SiO 4 particles indeed show very rapid growth of these grains in the onset region of the flow (see, e.g., Höfner 2008) .
Alternatively, the grains responsible for the scattering could be aggregates of different oxides including species other than silicates and Al 2 O 3 -such as calcium or magnesium oxidesbut we have not explored this possibility.
Structure of the dust envelope of W Hya
A schematic view of the model for the envelope of W Hya is shown in Fig. 13 . Most of the amorphous Al 2 O 3 emission can be accounted for by grains in the GBDS. The thickness of this GBDS is difficult to assess as its inner radius depends on the poorly constrained near-infrared optical constants of amorphous Al 2 O 3 . At about 2 R ⋆ grains of 0.3 µm are present to account for the scattered light fractions observed. In our models, these grains can be either amorphous Al 2 O 3 or iron-free silicates. If these scatterers are silicates, it is likely that the amorphous Al 2 O 3 grains serve as seeds for silicate condensation (Kozasa & Sogawa 1997b) . If silicates exist so close to the star, they have to be translucent in the near-infrared and remain cold such as not to produce significant emission. Combined with the broadness of the brightness peak in the PACS 70 µm image, this implies that the bulk of silicate emission at 9.7 µm has to come from an envelope with an inner radius of 50 AU. The gas temperature at this distance is ∼350 K (Khouri et al. 2014b) .
If the silicates are the scatterers and are present near the star without producing significant emission, there would have to be a physical process that increases their temperature beyond 40 AU. Such a process could be a change in their lattice structure, which increases the absorption in the near-infrared, or the establishing of contact with a more opaque dust species, for instance small iron grains -creating a silicate with iron inclusions. Alternatively, if the scattering is caused by Al 2 O 3 , or grains composed of a combination of other oxides, the inner radius of the silicate emission envelope could be set by silicate condensation. It is not clear, however, why any of the processes mentioned would occur at such large distances. This interpretation is based on the assumption of a steady-state wind model for the inner regions, r < 1000 AU. The observed radial dependency of the dust-envelope parameters of W Hya could potentially also be the result of variable conditions at the wind acceleration region, but this explanation seems less likely (see Sect. 4.5).
4.3. Bringing the dust and gas models together: elemental abundances in the inner wind.
The abundances of the elemental species that are required to reproduce the thermal emission from the wind of W Hya are 4.8 times the solar-composition value for calcium, 0.06 for magnesium, 3.5 for aluminum, 0.24 for silicon, 0.07 for oxygen, and 1.15 for iron. If the opacity of the metallic iron grains is com- puted using a CDE distribution of sizes, a factor of three less iron is needed. In what follows, we discuss the abundances of the dust species in more detail and offer potential solutions to the apparent super-solar abundances of calcium and aluminum.
4.3.1. Silicon abundance Khouri et al. (2014b) modelled the gas-phase SiO emission and found that between 15 and 50% of the silicon atoms are expected to be depleted from the gas-phase. When considered together with our dust model this accounts for all the silicon expected for a solar composition wind. However, since the calcium-bearing silicate that we adopted (Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 ) does not provide a perfect fit to the 9.7 µm silicate peak, the constraints on the solid-phase silicon abundance are not stringent. To assess this problem, we have compared models of other silicates that provide a better fit to the 9.7 µm peak silicate feature to the observed spectrum. These dust species provide a poorer fit to the overall spectrum, however, as they reproduce neither the 18 µm silicate peak nor the 30 µm feature. We have chosen to fit the flux ratio between the 9.7 µm silicate peak and the trough at 11.9 and 14.5 µm. The trough flux is sensitive to the amount of iron in thermal contact with the silicates, which needs to be 50% per mass, typically, in our models. The best fits are always achieved with in between 30% and 40% of the silicon available from the gas phase. Therefore, the amount of silicon needed in the dust agrees with the depletion fraction reported by Khouri et al. (2014b) independent of the exact composition of the silicate. This is in virtue of the strength of the 9.7 µm peak correlating well with the SiO 2 content of the given silicate species (e.g. Koike & Hasegawa 1987) .
Aluminum and calcium abundances
In our model, aluminum is condensed in amorphous Al 2 O 3 grains in the GBDS and also in silicates present in the wind. We do not require amorphous Al 2 O 3 to be present in the wind but a significant amount in terms of aluminum abundance could be driven out without producing a strong spectral signature. We considered only the outflowing aluminum-bearing grains in the aluminum budget, as the grains that form in the GBDS form from a gravitationally bound gas mass that is not independently constrained by our models. Nonetheless, our dust model requires 3.5 times more aluminum than what is available from the gas phase. Unfortunately, we do not have aluminum-free calciumbearing silicates in our dataset of optical constants, so we cannot directly probe the impact of the aluminum content on the optical properties of Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 . Gervais et al. (1987) studied the influence of aluminum content on silicate emission features and found it to have a minor impact on the strongest ressonances. This suggests that the over-abundance of aluminum found by us may be spurious and that an equally good fit to the Al 2 O 3 -subtracted residual spectrum could be achieved with a silicate with a lower aluminum content.
The required super-solar abundance of calcium is somewhat more intriguing, as this element seems to have a significant impact on the strengths and shapes of the silicate features. Particularly the 30 µm feature is linked to the presence of this element. Like in the case of aluminum, however, we do not have a library of optical constants for silicate species with different amounts of calcium content, which prevents us from assessing its relation to the 30 µm feature.
We identify three potential solutions to the problem of the super-solar abundance of aluminum and calcium in the dust found by us. The first option is that silicates that contain smaller amounts of calcium and aluminum are responsible for the thermal emission. Speck et al. (2011) presented measurements of silicates with a range of compositions and calcium and aluminum content. One of the species studied by them, named basalt in their work, has calcium-to-silicon and aluminum-tosilicon ratios very similar to those expected for 20% silicon condensation and full calcium and aluminum condensation. The absorbance spectrum of this species shown in Fig. 4 of their paper peaks at 10 µm, which is closer to the observed peak position for W Hya than that of Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 . The 18 µm peak of this species is also in accordance with the observed spectrum of W Hya. Unfortunately for our purposes, the authors focused on analysing the 10 µm and 18 µm region and we have no information on the spectra of this species at 30 µm. Measurements of optical data for silicates with these characteristics are needed to determine whether the spectrum of W Hya can be reproduced by such a species.
A second possibility to explain the apparent super-solar abundance of Al and Ca is that some of the features fitted by Ca 2 Mg 0.5 Al 2 Si 1.5 O 7 , such as those at 20 µm and 30 µm, are partially produced in the GBDS, similarly to Al 2 O 3 . In that case the abundance problem would not exist. This can be the case if other oxides are able to condense in the GBDS. Calcium is indeed expected to be one of the first elements to react with Al 2 O 3 from condensation calculations (Grossman & Larimer 1974) . If calcium reacts with and is incorporated into the Al 2 O 3 grains before the onset of the wind, other features in the spectrum could also be produced in the extended atmosphere. Furthermore, the addition of calcium to the dust grains in the GBDS could help driving the wind. However, the increase in the dust-to-gas ratio due to calcium condensation would only be of about a factor of two.
Finally, calcium and aluminum could be overabundant in the wind if these atoms are included in the dust grains before the wind is fully driven and if only a fraction of the gas is driven out by these grains. Although this might be the case, this scenario seems unlikely as the dust grains should be well coupled to the gas at the densities expected in the region where the flow is initiated.
Lattice structure of the grains in the GBDS
The grains in the GBDS must form from high-temperature gas and are heated by the stellar radiation field to temperatures that may differ from that of the gas. Being subjected to high enough temperatures with respect to the glass temperature of the given dust species will cause the dust grains to become crystalline. Whether the lattice structures of the dust grains are amorphous or crystalline is directly connected to the features produced by them in the infrared spectrum. In particular, our model requires that amorphous Al 2 O 3 grains exist close to the star (∼ 2 R ⋆ ) to reproduce the ISO spectrum. As we obtain the grain temperature as a function of radius, we can speculate what the lattice structure of Al 2 O 3 and silicate grains in the GBDS would be and test if that is consistent with our assumptions.
Al 2 O 3 grains
The physical conditions in AGB outflows favour the condensation of amorphous Al 2 O 3 grains (e.g. Dell'Agli et al. 2014 ). In our calculations the temperature of the grains in the GBDS is found to be between 1500 K and 1600 K for large grains and between 1200 K and 1300 K for small grains. Begemann et al. (1997) found that at 1300 K Al 2 O 3 grains are crystalline, while Levin et al. (1998) reported that the crystalline component only dominates at higher temperatures (∼ 1450 K). The optical data at short wavelengths for Al 2 O 3 are quite uncertain, which translates into an uncertainty in the calculated temperature of the amorphous Al 2 O 3 grains. For instance, a lower opacity in the nearinfrared would cause the grains to be cooler. If we consider the size and location of the amorphous Al 2 O 3 shell and maintain the amounts of grains, the emission produced is proportional to the Planck function, since the emitting medium is optically thin. Therefore, a lower temperature of 1400 or 1300 K for the large grains would correspond to 10 or 20% less emission, respectively, and the amorphous Al 2 O 3 from the shell could still dominate the emission at 12 µm.
It is also possible, and quite likely, that crystalline and amorphous Al 2 O 3 co-exist in the envelope of oxygen-rich AGB stars. In fact, grains consisting of pure crystalline Al 2 O 3 (Zeidler et al. 2013) and those consisting of a crystalline Al 2 O 3 core and a silicate mantle (Kozasa & Sogawa 1997a) have been proposed as the carriers of the unidentified 13 µm feature. We tried to fit the 13 µm feature of W Hya with pure crystalline Al 2 O 3 grains in the GBDS using the optical constant measured by Zeidler et al. (2013) . We can only obtain a good fit by considering spherical (rather than DHS) particles and the optical constants for crystalline Al 2 O 3 grains at 973 K. Our models show that the mass abundance of crystalline Al 2 O 3 grains compared to the amorphous ones would be very small, around 5% by mass. We note that Takigawa et al. (2014) found a high fraction of crystalline pre-solar Al 2 O 3 grains. The authors measured five out of nine studied pre-solar Al 2 O 3 grains, which were probably produced in the ejecta of a low-mass AGB star. The derived degree of crystallinity is considerably higher than that inferred from the model presented in this work.
Silicate grains
We can speculate on what would be the lattice structure of silicate solids if they condensed on a warm Al 2 O 3 core in the GBDS. If a silicate solid is heated to a temperature above its glass temperature (∼ 1000 K), it will crystallize. Large pure Mg 2 SiO 4 grains have a temperature of 700 K at 2.0 R ⋆ ; a population of small pure amorphous Al 2 O 3 grains at the same distance is heated to about 1300 K. The temperature of a composite grain will obviously depend on the relative fraction of each species. If a low mass of Mg 2 SiO 4 condenses onto the surface of an amorphous Al 2 O 3 core the Mg 2 SiO 4 solid is expected to be crystalline because the temperature of the composite would rise above the glass temperature for silicates. However, if 35% silicon condensation and full aluminum condensation is assumed, the silicate grain mass would be approximately 11.5 times that of amorphous Al 2 O 3 and the composite grains would probably remain cold and undetectable. A rough calculation suggests that when the mass of Mg 2 SiO 4 and amorphous Al 2 O 3 are comparable, the temperature of the composite grain would be about 1000 K at 2.0 R ⋆ , that is close to the glass temperature for silicates. This means that only roughly the first 10% of silicate material to condense onto an amorphous Al 2 O 3 grain in the GBDS would yield a crystalline solid, while continued silicate condensation would make the grain amorphous.
Expansion velocity profile of the wind of W Hya
In our best-fit model, the silicate emission is produced in an envelope with inner radius of 50 AU. In order for these grains to be visible, large amounts of metallic iron must be placed in thermal contact with the silicate grains. We can connect this finding with the gas model from Paper I. In that work, the wind of W Hya was found to slowly accelerate up to about 5.5 km/s and then to quickly accelerate to the final expansion velocity of 7.5 km/s. Such an additional acceleration requires extra opacity to add momentum to the (supersonic) flow. In a dust-driven outflow, changes in the dust properties could in principle provide such additional momentum. We speculate that the late condensation of metallic iron on the silicate grains might provide the extra opacity needed for an increase in the wind speed to its final value.
This interpretation is based on a steady-state picture for the inner wind (r 1000 AU). An alternative explanation is that the conditions at the wind-acceleration region have changed about 30 years ago, causing the dust composition to change from silicate-rich to silicate-poor and the wind expansion velocity to decrease. However, we do not see signs of significant mass-loss rate variations in the acceleration zone, as one might expect if the local conditions had significantly changed. In addition, the expansion velocity measured using different diagnostics has been shown to increase steadily outwards (see, e.g., Muller et al. 2008; Szymczak et al. 1998) . Moreover, if the material at r > 50 AU and now expanding at 7.5 km s −1 had been ejected with a higher velocity from the start than material inwards, one would expect to see a gap (of about 15 AU) between these two wind components. There is no support for such a gap in the data at hand. Although we are not able to rule out this alternative explanation completely, we consider it unlikely.
Recent mass-loss history of W Hya
We find that W Hya has undergone abrupt changes of more than an order of magnitude in its dust mass-loss rate in the past few thousand years. Hawkins (1990) reported observations carried out with IRAS that reveal a dust shell of 1×10 −4 M ⊙ extending to about 15 ′ . If the same expansion velocity is considered, it would take the dust grains forty-five thousand years to reach such distances from the star and, therefore, the average dust mass-loss rate in that period would be 2 × 10 −9 M ⊙ year −1 . This value is compatible with the mass-loss rate derived by us for the phases with high mass-loss rates (phases II, IV and V, given in Table  2 ), rather than to the more recent period of low mass-loss rate (phases I and II, given in Table 2 ). Therefore, if the mass loss fluctuates between a low and high mode, the high mode must be the norm. W Hya might have recently undergone a change in mass-loss rate that had not occurred in the past fifty thousand years. Although thin shells produced by similar mass-loss rate discontinuities are found somewhat frequently around carbon-rich AGB stars (e.g. Olofsson et al. 1990 Olofsson et al. , 1996 , the narrow massloss rate peak seen between 5400 and 5900 AU in the PACS images of W Hya is unusual for oxygen-rich AGB stars (Cox et al. 2012) . The shells around carbon-stars are thought to form as a result of a strong increase in mass-loss rate during a thermal-pulse (Schroeder et al. 1998; Mattsson et al. 2007 ). It is not known why these detached shells are not observed around oxygenrich AGB stars, and W Hya is unique in that sense. The zeroage-main-sequence mass of W Hya was determined to be 1.5 ± 0.2 M ⊙ (Khouri et al. 2014b ), which places this object around the limit for becoming a carbon-rich star (Wallerstein & Knapp 1998) . However, models for the formation of detached shells require the interaction of a faster wind with a previously slower wind (e.g. Schöier et al. 2005) , and that is not expected to be directly connected to stellar mass, but rather to changes in the wind properties during the thermal pulse. Hence, it is currently not clear whether the peak in the mass-loss rate of W Hya is due to a thermal pulse or whether the star can be seen as an oxygenrich analogue to carbon stars with detached shells.
Summary
We presented a model for the dust envelope of W Hya that simultaneously considers different observables of the dust envelope of this star: the scattered light fractions (Norris et al. 2012) , the ISO spectrum (Justtanont et al. 2004; Sloan et al. 2003) , the inner radius of the silicate emission shell (Zhao-Geisler et al. 2011) , the elemental abundances in the wind (Paper I, Khouri et al. 2014b) , and the PACS 70 µm image (Cox et al. 2012) .
Our model consists of a gravitationally bound dust shell combined with an outflow. An MRN distribution of amorphous Al 2 O 3 particles in the GBDS fits both the infrared excess emission and the scattered light fractions. However, large translucent silicates that show no spectral signature at 9.7 µm, but that are able to reproduced the scattered light fractions, can exist in the GBDS and wind, implying that we are unable to determine the nature of the scattering agents. Silicate grains are preferred, however, based on wind-driving models because of the low abundance of aluminum (Höfner 2008; Bladh & Höfner 2012) . Independent of the nature of the grains that drive the outflow, spectral emission from the silicate grains arises from distances beyond 50 AU from the star. This emission may arise when iron inclusions are incorporated into the silicates heating up the grains. The silicon content that is in the dust is found to be consistent with the amount of silicon atoms that disappears from the gas phase, as extracted from SiO line emission (Khouri et al. 2014b) . We find evidence that calcium is a constituent of the dust in the wind of W Hya. It is difficult, however, to quantify the calcium content of the dust because we only have optical constants available for three calcium-bearing species. Although our best fit seems to suggest a super-solar Ca abundance in the outflow, optical data over a broad wavelength range of silicates with lower calcium content might result in fits with a solar calcium abundance. Emission from calcium-bearing dust species might also originate from the GBDS, as long as there is no strong contribution in the MIDI wavelength range.
The mass-loss rate of W Hya seems to have been at the present level for about 300 years. At times before this, we see a phase when the mass-loss was lower by a factor of roughly two, which is traced by both the dust envelope and the CO gas emission. The mass-loss rate remained at this level for about 2500 years and produced dust now located in the envelope between 500 and 4000 AU. This phase of lower mass loss was preceded by one where W Hya lost mass at a rate at least three times higher than at present, with a localised peak in which the rate was even twenty times higher and which ended about 3400 years ago and lasted for about 300 years. 
